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Previewswhether this organization is a result of
RICH2 coupling of tetherin to cortical
actin. The molecular interactions between
RICH2, tetherin, and cytoskeletal actin
are also yet to be fully defined. However,
intriguing data are provided to show that
a natural polymorphism in human tetherin
(R19H), which impairs signaling without
affecting viral restriction (Sauter et al.,
2013), disrupts the physical association
of RICH2 with this tetherin variant.
The enhanced transcriptional activation
of genescoding for thecytokinesCXCL10,
IL-6, and IFNb in primary CD4+ lympho-
cytes infected with vpu-deleted HIV-1
suggests that human tetherin serves as a
pattern recognition receptor coupling viral
restriction to the release of proinflamma-
tory cytokines. This has fascinating impli-
cationswith respect to the antiviral activity
of tetherin, since it implies that the function
of this molecule as a cell-autonomous re-
striction factor is integrally linked to other
componentsof innate andadaptive immu-
nity. Although the downstream effects oftetherin on immune activation are likely
to be complex, the release of IFNb, itself
a type I interferon, may induce interferon-
stimulated genes, including tetherin, that
further impair virus replication in neigh-
boring cells. Moreover, the chemotactic
properties of cytokines such as CXCL10
may attract cellular mediators of antiviral
immunity, perhaps magnifying the effects
of tetherin on the susceptibility of HIV-
infected cells to antibody-dependent
cell-mediated cytotoxicity (Alvarez et al.,
2014; Arias et al., 2014). Thus, insights
into the mechanism of signal transduction
by tetherin provided here suggest the anti-
viral activity of tetherin is not merely a
function of its ability to impede virus
release, but may be amplified by host im-
mune responses as a function of its ability
to signal in response to viral infection.REFERENCES
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Given the potency of interferon-a/b, viral evasion of this pathway is crucial for infection. In this issue of
Cell Host & Microbe, Laurent-Rolle et al. (2014) report that during yellow fever virus infection, interferon-a/b
stimulates the polyubiquitination of viral NS5, which binds to STAT2 and inhibits transcription of inter-
feron-stimulated genes.Pathogen-host interaction determines
the outcome of an infection. Pathogens
hijack host machinery to reproduce, while
hosts activate the immune system to
detect and eliminate pathogens. Innate
immune response is the first line of host
defense, among which type 1 interferon
(IFN) production and signaling play a cen-
tral role. Understanding the molecular
interplay between pathogen and host is
essential for development of novel vac-
cines and therapeutics. Flaviviruses, such
as yellow fever virus (YFV), dengue virus
(DENV), West Nile virus (WNV), Japaneseencephalitis virus (JEV), and tick-borne
encephalitis virus (TBEV), cause major
epidemics and represent global public
health threats. These viruses contain a
single-strand, plus-sense RNA genome,
which encodes three structure proteins
(capsid, membrane, and envelope) and
seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5).
Since many flaviviruses alternate their
life cycle between mammalian and
arthropod (mosquitoes and ticks), they
have adapted to replicate and evade im-
mune restriction in distinct host species.Flaviviruses employ various strategies
to evade innate immune detection. They
encode their own capping machinery to
form a cap structure at the 50 end of
genomic RNA, preventing the 50 triphos-
phate from being detected by RNA sensor
RIG-I. To suppress IFN production, the
DENV NS2B/NS3 protease selectively
cleaves and inactivates human STING
(but not murine STING), which interacts
with RIG-I to facilitate type-1 IFN produc-
tion (Aguirre et al., 2012; Yu et al., 2012).
Flaviviruses have also developed dis-
tinct mechanisms to directly antagonizeptember 10, 2014 ª2014 Elsevier Inc. 269
Figure 1. Flavivirus NS5-Mediated Antagonism of IFN-a/b Signaling
IFN-a/b binds to IFNAR and activates Janus kinase 1 (JAK1) and tyrosine
kinase 2 (Tyk2), which subsequently activates the signal transducer and acti-
vator of transcription 1 (STAT1) and STAT2 through phosphorylation (indicated
by red dots). The phosphorylated STAT1 and STAT2 form a heterodimer,
which interacts with IFN regulatory 9 (IRF9) to form the IFN-stimulated gene
factor 3 (ISGF3) complex. The ISGF3 complex translocates to the nucleus
and binds to IFN-stimulated response elements (ISREs), leading to the tran-
scription of IFN-stimulated genes (ISGs). The NS5 protein from various flavivi-
ruses has developed distinct mechanisms to antagonize different steps of the
IFN-a/b signaling.
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PreviewsIFN-a/b signaling. Upon bind-
ing to IFN-a/b receptors
(IFNAR1/2), IFN-a/b activates
Janus kinase 1 (JAK1) and
tyrosine kinase 2 (TyK2), two
tyrosine kinases that physi-
cally associate with IFNAR1/
2. JAK1 and Tyk2 phosphory-
late the signal transducer
and activator of transcription
1 (STAT1) and STAT2, which
interact with IFN regulatory
factor 9 (IRF9) to form IFN-
stimulated gene factor 3
(ISGF3). ISGF3 complex
translocates to the nucleus
and binds to IFN-stimulated
response elements (ISREs),
leading to the transcription
of IFN-stimulated genes
(ISGs) that can directly limit
viral infection (Figure 1). To
inhibit this signaling pathway,
WNV and TBEV infections
prevent the phosphorylation
and activation of JAK1 and
Tyk2 (Guo et al., 2005). Addi-
tionally, DENV NS2A, NS4A,
and NS4B inhibit STAT1phosphorylation andnuclear translocation
(Mun˜oz-Jordan et al., 2003). Furthermore,
the flavivirus NS5 protein uses diverse
strategies to target this signaling pathway.
As summarized in Figure 1, (i) TBEV, JEV,
and WNV NS5 proteins inhibit STAT1
phosphorylation andnuclear translocation
(Best et al., 2005), and such inhibitory
activity was mapped to the polymerase
domain of TBEV and WNV NS5 (Park
et al., 2007); (ii) JEV NS5 blocks tyrosine
phosphorylation of Tyk2 (Lin et al., 2006);
(iii) DENV NS5 binds to and degrades
human STAT2 through the cellular pro-
teasome (Ashour et al., 2010). Such pro-
teasome-mediated STAT2 degradation
requires proteolytic cleavage of the N ter-
minus of NS5 and a host protein called
UBR4 (Morrison et al., 2013). The molecu-
lar details of how DENV NS5 and UBR4
mediate STAT2 degradation remain to be
determined. Remarkably, DENV NS5
selectively degrades human STAT2, but
not murine STAT2. This result, together
with the observation that DENV protease
specifically cleaves human STING (dis-
cussed above), may account for the host
tropism of DENV for infection of human
and nonhuman primates, but not rodents
or other mammalian species. These find-270 Cell Host & Microbe 16, September 10, 2ings also suggest that replacements of
murine STING and STAT2 with the human
counterparties may sensitize mouse for
DENV infection; such a mouse model
would be invaluable for studying DENV
pathogenesis as well as development of
vaccines and therapeutics.
The elegant work from Adolfo Garcı´a-
Sastre’s team has now uncovered
another mechanism by which flavivirus
NS5 inhibits type-1 IFN signaling (Lau-
rent-Rolle et al., 2014). Using YFV as a
model, they found that IFN-a/b treatment
activates viral NS5 to suppress IFN-a/b
signaling—a backfire of an innate immune
response to a viral infection. Treatment of
YFV-infected cells with IFN-a/b triggers
three key events: (i) IFN-a/b activates
tripartite motif protein 23 (TRIM23, an
ubiquitin E3 ligase) to ubiquitinate viral
NS5, resulting in K63-linked polyubiquiti-
nation of NS5 at amino acid Lys6;
(ii) IFN-a/b treatment phosphorylates
STAT1 and STAT2, after which they form
phosphorylated STAT1/STAT2 hetero-
dimers; (iii) the polyubiquitinated NS5
binds to the STAT2 molecule within
the STAT1/STAT2 complex, leading to
suppression of ISG transcription. The re-
sults clearly indicate that the NS5/STAT2014 ª2014 Elsevier Inc.interaction requires polyubi-
quitinated NS5 and STAT2
that has been precomplexed
with the phosphorylated
STAT1. However, a number
of mechanistic questions
remain to be addressed.
Since neither STAT1 nor
STAT2 is degraded in YFV-
infected cells, how does the
NS5/STAT2 interaction sup-
press ISG transcription? Does
the NS5/STAT2 interaction
prevent the recruitment of
IRF9 to form the ISGF3 com-
plex? If not, does the associ-
ated NS5 interfere with the
binding of ISGF3 to ISRE?
Besides the above points,
Laurent-Rolle and coworkers’
findings have implications for
vaccine design and could
potentially be used to improve
the safety of the current yel-
low fever vaccine, YFV-17D.
Although the NS5 K6Rmutant
virus (defective in poly-
ubiquitination) had no defect
in viral replication in Vero cells(deficient in IFN production), compared
with the wild-type virus, the NS5 mutant
virus was much more sensitive to IFN-a/
b suppression. Therefore, a mutant YFV-
17D containing NS5 K6R may limit its
replication and decrease the incidence
of adverse events.
How could flavivirus NS5 evolve
different ways to suppress type-1 IFN
signaling? Unlike other viruses (which
tightly control the expression levels of
nonstructural replicase proteins versus
structural proteins), the flavivirus
genome translates all viral proteins in
equal amounts from a single open
reading frame. After formation of the
replication complex, a large excess of
nonstructural proteins exists in infected
cells. These nonstructural proteins have
the potential to gain new functions,
such as modulation of host immune
responses. Since NS5 is the largest
nonstructural protein (occupying about
34% of the total nonstructural protein-
coding sequence), it has the highest
possibility to acquire additional func-
tions aside from those directly involved
in viral replication. Along this notion,
the NS5 protein from many flaviviruses
was found to be phosphorylated and
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Previewstranslocate to the nucleus, despite the
fact that viral replication occurs in the
cytoplasm; the exact function of these
observations remains to be illuminated.
On the other hand, since flaviviruses
alternate hosts between mammalian
and arthropod, the viral genome is likely
constrained by many factors during evo-
lution, including adapting to different
host factors for viral replication, antago-
nizing arthropod immune restriction, as
well as evading mammalian immune
response. Such intimate virus-host inter-
actions, as well as the relative large size
and abundance of flavivirus NS5,
contribute to the diverse functions of
this protein.REFERENCES
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Planarians famously can regenerate after decapitation. In this issue, Abnave et al. (2014) find they resist infec-
tion by multiple bacterial species pathogenic to humans, Drosophila and C. elegans, including
M. tuberculosis. These results identify a conserved gene controlling phagocytosis and establish planarians
as a powerful system for analyzing host-pathogen interactions.All animals are exposed to microbes from
the environment and require systems
for protection from infectious agents,
and the fundamental interactions be-
tween hosts and parasites are of consid-
erable medical interest. Significant mech-
anistic insights into this biology have
emerged from studying the response of
invertebrate model organisms, such as
Drosophila and Caenorhabditis elegans,
to infection with bacteria pathogenic to
humans (Cherry and Silverman, 2006;
Balla and Troemel, 2013). These host
model organisms were chosen primarily
because of their genetic tractability. How-
ever, in principle organisms that have
evolved highly robust disease resistance
could be informative models for ultimately
enhancing human immunity.
Planarians are free-living flatworms
of the phylum Platyhelminthes that arefamous for their ability to regenerate nearly
any tissue damaged by surgical injury,
even forming a new head after decapita-
tion (Elliott and Sanchez Alvarado, 2013).
This process requires a cell population
termed neoblasts that contain adult
pluripotent stem cells (Wagner et al.,
2011), as well as signaling mechanisms
to relate wounding to the identity and
extent of outgrowth. With the discovery
of RNAi as well as advances in ge-
nomic sequencing, the planarian species
Schmidtea mediterranea and Dugesia
japonicahavebeendevelopedaspowerful
systems for the study of tissue regene-
ration pluripotent stem cells and injury re-
sponses. However, planarians have also
proven useful for investigating other pro-
cesses that are exaggerated or simplified
in these animals, such as ciliogenesis,
eye development (Lapan and Reddien,2012), germ cell differentiation (Wang
et al., 2010), and also organ proportion
control.
In this issue, Ghigo and colleagues
expand on this growing set of models
to establish planarians as a system for
the analysis of bacterial host-pathogen
interactions (Abnave et al., 2014). They
first examined the consequence of
inoculating planarians with high doses
(up to 107 CFUs) of pathogenic bacteria.
Administration of bacteria by feeding
along with homogenized calf liver, the
typical planarian laboratory food source,
resulted in localization of pathogens pri-
marily within the adsorptive phagocytic
cells within the worm intestinal gastro-
vascular system. Strikingly, within about
a week of exposure, planarians over-
came a spectrum of pathogens that in
humans cause life-threatening illnesses:ptember 10, 2014 ª2014 Elsevier Inc. 271
